Nifurtimox, an antiparasitic drug, is used to treat American trypanosomiasis (Chagas disease) and has shown promise in treating central nervous system (CNS)-stage human African trypanosomiasis (HAT; sleeping sickness). In combination with other antiparasitic drugs, the efficacy of nifurtimox against HAT improves, although why this happens is unclear. Studying how nifurtimox crosses the blood-brain barrier (BBB) and reaches the CNS may clarify this issue and is the focus of this study. To study the interaction of nifurtimox with the blood-CNS interfaces, we used the in situ brain/choroid plexus perfusion technique in healthy and trypanosome-infected mice and the isolated incubated choroid plexus. Results revealed that nifurtimox could cross the healthy and infected blood-brain and blood-cerebrospinal fluid (CSF) barriers (K in brain parenchyma was 50.8 Ϯ 9.0 l ⅐ min Ϫ1 ⅐ g Ϫ1 ). In fact, the loss of barrier integrity associated with trypanosome infection failed to change the distribution of [ 3 H]nifurtimox to any significant extent, suggesting there is not an effective paracellular barrier for [ 3 H]nifurtimox entry into the CNS. Our studies also indicate that [ 3 H]nifurtimox is not a substrate for P-glycoprotein, an efflux transporter expressed on the luminal membrane of the BBB. However, there was evidence of [ 3 H]nifurtimox interaction with transporters at both the blood-brain and blood-CSF barriers as demonstrated by cross-competition studies with the other antitrypanosomal agents, eflornithine, suramin, melarsoprol, and pentamidine. Consequently, CNS efficacy may be improved with nifurtimox-pentamidine combinations, but over time may be reduced when nifurtimox is combined with eflornithine, suramin, or melarsoprol.
Introduction
Nifurtimox [3-methyl-4-(5Ј-nitrofurfurylidene-amino)-tetrahydro-4H-1,4-thiazine-1,1-dioxide (nifurtimox, Bayer 2502, Lampit)] is licensed for use in Chagas disease (American trypanosomiasis), which is caused by a member of the Trypanosome genus, Trypanosoma cruzi. Nifurtimox also shows promise in the treatment of late-stage human African trypanosomiasis (HAT). Late-stage HAT is diagnosed by the microscopical observation of trypanosomes in the cerebrospinal fluid (CSF) and/or a white blood cell count in the CSF of Ͼ5/l.
Current treatments for late-stage HAT include melarsoprol, which is associated with severe toxic effects, and eflornithine, which is difficult to administer and expensive to produce. A considerable advantage of nifurtimox over these existing treatments is that it is orally administered and cheap. Most importantly it has shown effectiveness in melarsoprolrefractory Trypanosoma brucei (T.b.) gambiense (Bisser et al., 2007) .
In an attempt to improve efficacy, simplify treatment regimens, decrease toxicity, and reduce the development of drug resistance in HAT, combinations of antitrypanosomal agents are also being assessed (Bisser et al., 2007; Checchi et al., 2007; Priotto et al., 2007) . A clinical trial of melarsoprol monotherapy versus combined melarsoprol-nifurtimox therapy for the treatment of CNS stage T.b. gambiense revealed that a consecutive 10-day low-dose combination (total melar-soprol dose 11.4 mg/kg; total nifurtimox dose, 120 mg/kg) was more effective than the standard melarsoprol treatment (total dose 32.4 mg/kg) (Bisser et al., 2007; Woodrow et al., 2007) . Unfortunately, nifurtimox in combination with melarsoprol caused excessive fatalities, and the clinical trial was terminated even though it had shown superiority over the standard melarsoprol regimes (Priotto et al., 2006; Bisser et al., 2007) . A recent phase III trial examined the efficacy of nifurtimox-eflornithine combination therapy (NECT) compared with eflornithine monotherapy and discovered that, although they were noninferior to each other, NECT was less toxic, easier to administer (i.e., infusion every 12 h for 7 days versus every 6 h for 14 days), and potentially protective against the emergence of resistant parasites (Priotto et al., 2009) . That study confirmed that NECT was a suitable firstline treatment against HAT (Priotto et al., 2006 Checchi et al., 2007) , and NECT was added to the World Health Organization essential medicine list in April 2009 (Yun et al., 2010) . It is noteworthy that the exact method by which NECT exerts its effects remains to be identified.
Our research group has examined the characteristics of eflornithine passage across the murine blood-brain and blood-CSF barriers and discovered that by combining eflornithine with suramin (a first-stage drug) the brain delivery of eflornithine was significantly improved (Sanderson et al., 2008) . This would explain the improved efficacy of eflornithine-suramin combinations over monotherapy in curing CNS animal models of T.b. rhodesiense and T.b. brucei infections (Clarkson et al., 1984; Bacchi et al., 1987 Bacchi et al., ,1994 . We have also revealed that pentamidine (another first-stage drug) can cross the BBB, but is removed by ATP binding cassette transporters including P-glycoprotein (P-gp) and MRP (Sanderson et al., 2009 ). This suggests that a fruitful line of research may be to optimize the CNS delivery of pentamidine and other diamidines by coadministration with P-gp and MRP inhibitors. It is therefore timely that an evaluation of the ability of nifurtimox to cross the blood-brain and blood-CSF barriers is performed.
In this study we used the in situ brain/choroid plexus perfusion method combined with capillary depletion, HPLC analyses, and the isolated incubated choroid plexus technique. The former model allows an investigation of drug transport across both blood-brain and blood-CSF barriers in parallel and in the absence of systemic metabolic enzymes. In addition, the characteristics of any drug interactions can be explored. By using the method in mice that do not express specific transporters we can gain an understanding of transporter involvement in CNS drug distribution. This brain/ choroid plexus perfusion technique can also be combined with a murine model of late-stage HAT to investigate the effect of trypanosome infection on CNS drug delivery (Sanderson et al., 2008 (Sanderson et al., , 2009 . Furthermore, an evaluation of the effect of trypanosome infection on BBB pathophysiology using this unique combination of methods has already been described (Sanderson et al., 2008) . The isolated incubated choroid plexus method allows the assessment of drug accumulation at the blood-CSF barrier and, in particular, assessment of drug-transporter interactions at the apical or CSFfacing side of this blood-CNS interface. This is of special interest in Trypanosoma brucei infections, because the early localization of the parasites to the circumventricular organs (especially choroid plexuses), meninges, and CSF has been reported (Jennings and Gray, 1983; Mulenga et al., 2001 ).
Materials and Methods
Materials. Nifurtimox (molecular weight 287.30) was customlabeled with tritium (3 and 4 position of furam ring specific activity: 2 Ci/mmol) by Moravek Biochemicals (Brea, CA). [
14 C]sucrose (4980 mCi/mmol) was purchased from Moravek Biochemicals. Unlabeled suramin, eflornithine, and pentamidine isethionate sodium salt were purchased from Sigma-Aldrich (Dorset, UK). Unlabeled nifurtimox and melarsoprol were a kind gift from Professor S. Croft (London School of Hygiene and Tropical Medicine, London, UK).
Animals. All experimental procedures were performed according to the provisions of the United Kingdom Animals (Scientific Procedures) Act of 1987 and specified animal pathogen order (1998). Adult male BALB/c mice were purchased from Harlan (Oxon, UK). Adult FVB-Mdr1a/1b(ϩ/ϩ) and FVB-Mdr1a/1b(Ϫ/Ϫ) mice were imported from Taconic Farms (Germantown, NY). A breeding colony was established at King's College London, and the genotype was confirmed by polymerase chain reaction analysis (Harlan). Dr. Alfred Schinkel of the Netherlands Cancer Institute (Amsterdam, The Netherlands) is the creator of the Mdr1a/1b mice. All animals were maintained under standard conditions of temperature and lighting and given food and water ad libitum.
In Situ Brain/Choroid Plexus Perfusion Technique. The in situ brain/choroid plexus perfusion technique was carried out as described previously (Sanderson et al., 2007) . In brief, adult mice (ϳ25g) were anesthetized (2 mg/kg i.p. medetomidine hydrochloride and 150 mg/kg ketamine) and heparinized (100 U i.p.). The mice were perfused at a flow rate of 5 ml/min with oxygenated artificial plasma (Sanderson et al., 2007) by inserting a catheter into the left ventricle of the heart. With the start of perfusion an incision was made in the right atrium of the heart to prevent recirculation of perfused artificial plasma. Perfusion times were 2.5, 5, 10, 20, or 30 min. After perfusion a cistern magna CSF sample was taken and weighed, the animal was decapitated, and the brain was removed.
Brain Dissection. Cerebral cortex, caudate putamen, hippocampus, hypothalamus, thalamus, pons, cerebellum, pituitary gland, pineal gland, and IVth ventricle choroid plexus samples were taken by using a Leica (Wetzlar, Germany) S4E stereozoom microscope and weighed on a Cahn C-33 microbalance (Thermo Fisher Scientific, Waltham, MA). These regions were selected to determine drug concentration in areas affected by the trypanosome (Sanderson et al., 2007) . Samples were then dissolved using 0.5 ml of Solvable (PerkinElmer Life and Analytical Sciences, Waltham, MA) for 48 h. Scintillation fluid (3.5 ml; Lumasafe; PerkinElmer Life and Analytical Sciences) was added to quantify the radioactivity of all regions of the brain before being counted using a Packard Tri-Carb 2900 TR scintillation counter with ultra low-level count mode software (PerkinElmer Life and Analytical Sciences).
Capillary Depletion Analysis. After every experiment the remaining brain after dissection was weighed and homogenized in a glass homogenizer with (ϫ3 brain weight) in capillary depletion buffer followed by (ϫ4 brain weight) in 26% dextran (molecular weight 60,000 -90,000) as described previously (Sanderson et al., 2007) . The final brain homogenate had a dextran concentration of 13%. A sample of the homogenate was retained, and the remaining homogenate was centrifuged (5400g for 15 min at 4°C). This produced a capillary endothelial cell-enriched pellet and parenchymacontaining supernatant. Solvable (0.5 ml for the supernatant and 0.25 ml for the pellet sample) and liquid scintillation fluid was added to the homogenate, pellet, and supernatant and was counted using the scintillation counter.
Multiple-Time Perfusion Experiments. Brain/choroid plexus perfusions were performed, as described above, in BALB/c mice. M, final concentration) were infused into the inflowing artificial plasma via a slow drive syringe pump for 2.5, 5, 10, 20, and 30 min. In Situ Brain/Choroid Plexus Perfusion in Infected Model. The murine model of late-stage HAT is well established in outbred CD-1 mice (Jennings and Gray, 1983; Jennings et al., 2002) . In our studies we chose to use the inbred BALB/c mouse strain, which is also highly susceptible to trypanosome infection (Schultzberg et al., 1988; Namangala et al., 2000; Sanderson et al., 2008 Sanderson et al., , 2009 ) and is commonly used in studies examining the molecular and functional characterization of transporters (van Montfoort et al., 2002) . Furthermore, inbred strains versus outbred stocks should reduce any animal to animal variation and consequently improve reproducibility and sensitivity of the method. Ultimately, the phenotypic uniformity of an isogenic strain means that sample size can be reduced in comparison with the use of outbred stocks.
BALB/c mice were infected with an intraperitoneal injection of 2 ϫ 10 4 trypanosomes diluted in 0.1 ml of phosphate-buffered saline containing glucose, pH 8.0 as described previously (Sanderson et al., 2008) . In BALB/c mice, the CNS stage of the disease is reached at ϳday 11 postinfection (p.i.), and the average survival time is 37.9 Ϯ 1.2 days (Sanderson et al., 2008) . At days 7, 21, 28, and 35 p.i., individual groups of five animals were in situ brain/choroid plexusperfused, as described above, with Inhibition Studies. Inhibition studies were carried out to determine whether [
3 H]nifurtimox distribution into the CNS was affected by additional antitrypanosomal drugs at clinically relevant concentrations [i.e., comparable with those measured in the plasma of treated patients and also our previous published studies (Sanderson et al., 2007 (Sanderson et al., , 2008 (Sanderson et al., , 2009 )] or transporter inhibitors. For these experiments, [
3 H]nifurtimox and [ 14 C]sucrose were perfused into BALB/c mice for 10 min along with unlabeled 6 M nifurtimox (GonzalezMartin et al., 1992) , 30 M melarsoprol, 150 M suramin (Milord et al., 1993) , 10 M pentamidine (Waalkes and DeVita, 1970) , 250 M eflornithine (Milord et al., 1993) , or 10 M indomethacin, an MRP inhibitor (Huai-Yun et al., 1998) . Unlabeled pentamidine, melarsoprol, nifurtimox, and indomethacin required dissolution in DMSO. The final DMSO concentration in the artificial plasma was 0.05%. Control groups were provided by [ 3 H]nifurtimox and [ 14 C]sucrose CNS distribution being examined in the presence of 0.05% DMSO.
Expression of Results. After radioactive counting, the concentration of 3 H or 14 C radioactivity in the tissue (tissue regions, homogenate, supernatant or pellet; C Tissue ; dpm/g) was expressed as a percentage of the concentration of radioactivity in the artificial plasma (C Plasma ; dpm/ml) and termed R Tissue (ml ⅐ 100 g Ϫ1 ). Brain unidirectional transfer constant, K in , values can be determined from multiple-time uptake data (2.5-30 min) by means of the following relationship:
where T is the perfusion time in minutes, and V i is the initial volume of distribution of the test solute in the rapidly equilibrating space, which may include the vascular space, the capillary endothelial volume, and/or compartments in parallel with the BBB. The equation defines a straight line with a slope K in (ml ⅐ min Ϫ1 ⅐ g Ϫ1 ) and an ordinate intercept V d or initial volume of distribution. Single-time uptake analysis can also be used to determine the transfer constant, (Sanderson et al., 2007) . Adult FVB-Mdr1a/ Mdr1b(ϩ/ϩ) mice were anesthetized and heparinized as described above, and they were perfused through the left ventricle of the heart with artificial plasma for 4 min. The right atrium was sectioned to allow outflow of the artificial plasma. The animal was then decapitated, and the brain was removed. The IVth ventricle choroid plexus was removed and incubated in warm (37°C) artificial CSF (Gibbs and Thomas, 2002 ) for 10 min, followed by a 2.5-min incubation in which [ 3 H]nifurtimox (1.5 M) and [
14 C]sucrose (1.5 nM) were also present. The tissue was then removed and weighed on a Cahn C-33 microbalance. The choroid plexus was solubilized in 0.5 ml of Solvable (PerkinElmer Life and Analytical Sciences) over 24 h and taken with samples of the incubation medium (artificial CSF) for liquid scintillation counting. The levels of radioactivity in the choroid plexus (dpm/g) were measured as a ratio of the concentration in the artificial CSF (dpm/ml). The association of [ 3 H]nifurtimox with the choroid plexus was corrected for the extracellular space component by subtracting the [ 14 C]sucrose ratio. Inhibition studies were also carried out to determine whether [ 3 H]nifurtimox distribution into the choroid plexuses was affected by additional drugs or inhibitors and hence indicated the presence of a transporter at this site. The choroid plexuses were incubated in the presence of 6 M nifurtimox, 150 M suramin, 250 M eflornithine, 10 M pentamidine, and 30 M melarsoprol. Nifurtimox, pentamidine, and melarsoprol were dissolved in DMSO and diluted with artificial CSF to achieve a final concentration of 0.05% DMSO. A set of control experiments also contained 0.05% DMSO.
Statistics. Samples were grouped into brain parenchyma, capillary depletion, or circumventricular organs (CVOs) and analyzed by two-way analysis of variance using Sigma Stat software (SPSS Science Software UK Ltd, Birmingham UK). Where a significant difference was observed (P Ͻ 0.05) individual region/sample comparisons were made using Tukey's pairwise comparisons. All data are expressed as mean Ϯ S.E.M.
Octanol-Saline Partition Coefficient and Protein Binding Measurements. The lipophilicity of [
3 H]nifurtimox (0.165 M) was measured in the form of an octanol-saline partition coefficient. Binding of [ 3 H]nifurtimox (1.25 M) to protein in the artificial plasma and human plasma (Sigma) was assessed by ultrafiltration centrifugation (Gibbs et al., 2003) . Lyophilized human plasma was reconstituted in 1 ml of deionized water. To confirm that protein had not entered the ultrafiltrate, protein concentration was determined using the Lowry method (Lowry et al., 1951) .
HPLC. Samples of arterial inflow and venous outflow were taken for HPLC analyses to ensure the integrity of [ 3 H]nifurtimox during perfusion. Arterial inflow (i.e., sample of the artificial plasma) and the venous outflow were collected and passed through nylon filter membranes (pore size 0.45 m) before undergoing analysis on a Jasco (Essex, UK) HPLC system (Montalto et al., 2002) . A 100-l aliquot of each sample was injected onto a Hamilton PRP-X300, 7-m (250 ϫ 4.1 mm) column and eluted at a flow rate of 0.3 ml/min with methanol (Sigma-Aldrich) and filtered deionized water (6:4). The column elutant was mixed 1:3 with scintillation fluid (Ultima Flo M; Packard, Pangbourne, UK) in a radioactive detector (Packard), and real-time analysis of radioactivity was carried out for 35 min.
In Vitro Stability Incubations. The effect of brain membraneassociated enzymes on the degradation of nifurtimox was examined over 3 h at 37°C (Thomas et al., 1997) . Adult BALB/c mice were anesthetized as described earlier, and twice-washed membranes were prepared from whole brains (minus the cerebellum) as described previously (Gillespie et al., 1992) . Brain homogenate was suspended in 50 mM Tris buffer to a final protein concentration of 3.51 mg/ml and frozen until use. The protein content of the suspension was confirmed by the Folin-Lowry procedure. The time course of metabolism was investigated by incubating the brain membrane homogenate with 1 mM nifurtimox at 37°C for 15, 60, 90, 120, 150, and 180 min. After incubation, an equal volume of acetonitrile was added and the samples were vortexed before being kept on ice for a few minutes. Samples were further diluted with 0.5% acetic acid to prevent any enzymatic degradation not stopped by the addition of acetonitrile and centrifuged at 13,000g for 15 min. The supernatants were collected and analyzed by HPLC, as described above. The half-life of the test compound was calculated by linear regression analysis of nifurtimox recovery versus time (Thomas et al., 1997) . Figure 1A shows the concentration of [
Results
14 C]sucrose present in select brain regions relative to the concentration in the plasma. [
14 C]sucrose R Tissue values are low at all time points in all the brain tissue samples, as we would expect if the integrity of the BBB was maintained, and significantly increase with perfusion time after allowing for the effects of differences in brain region (P Յ 0.001 for the brain regions including frontal cortex, occipital cortex, caudate putamen, hippocampus, hypothalamus, thalamus, pons, and cerebellum; two-way ANOVA). There was a significant difference between the [ 14 C]sucrose values (P Յ 0.001; two-way ANOVA) in the different brain regions after allowing for effects of differences in time, with the pons having the highest vascular space (P Ͻ 0.01 against all other regions; Tukey's multiple comparison) and the occipital cortex, caudate putamen, hippocampus, and thalamus having the lowest vascularities (with at least P Ͻ 0.05 for each specified region in this group against the other regions not specified; Tukey's multiple comparison). The initial volumes of distribution (V d ) for [
14 C]sucrose were 3.3 Ϯ 0.4, 1.9 Ϯ 0.2, and 1.0 Ϯ 0.2 ml ⅐ 100 g Ϫ1 for the pons, frontal cortex, and thalamus, respectively. The pons and thalamus represent the highest and one of the lowest distributions, respectively, achieved for [ 14 C]sucrose and are presented together with the frontal cortex data, a brain region that was detailed in earlier studies by our research group examining antitrypanosomal drugs (Sanderson et al., 2007 (Sanderson et al., , 2008 (Sanderson et al., , 2009 ). The unidirectional transfer constants (K in ) as determined by multiple-time uptake analysis for [ 14 C]sucrose into the pons, frontal cortex, and thalamus were 0.56 Ϯ 0.22 (n ϭ 28), 0.22 Ϯ 0.10 (n ϭ 31), and 0.56 Ϯ 0.11 (n ϭ 30) l ⅐ min Ϫ1 ⅐ g Ϫ1 , respectively. Single-time uptake analysis for [ 3 H]nifurtimox after a 2.5-min perfusion revealed a K in of 251.8 Ϯ 53.8 (n ϭ 5), 283.1 Ϯ 49.6 (n ϭ 4), and 191.36 Ϯ 36.2 (n ϭ 5) l ⅐ min Ϫ1 ⅐ g Ϫ1 into the pons, frontal cortex, and thalamus, respectively. It must be noted that although the two-way ANOVA on ranked data indicated a significant difference in the distribution of [ 3 H]nifurtimox ([ 14 C]sucrose space corrected) between the brain regions after allowing for the effects of differences in time (P ϭ 0.032), the multiple comparison procedure could not identify the specific regions involved (Fig. 1A) . There was a significant increase in the R Tissue percentage values for [ 3 H]nifurtimox ([ 14 C]sucrose space corrected) with time (twoway ANOVA; P Յ 0.001). Analysis by Tukey's test revealed that this was significant between all time points (P Ͻ 0.05) except between the 20-and 30-min time points, which were 293.9 Ϯ 58.4 and 229.3 Ϯ 38.7%, respectively, in the frontal cortex (P Ͼ 0.05). The 3 H]nifurtimox could be detected in the CSF at all time points and reached 22.2 Ϯ 4.4% after just 2.5-min perfusion (Fig. 2) .
HPLC analysis of the arterial inflow and venous outflow samples confirmed that intact, radiolabeled nifurtimox was exposed to the luminal membranes of the blood-brain and blood-CSF barriers. The recovery of intact nifurtimox in twice-washed mouse brain membrane homogenates was plotted as a function of time (see Fig. 3 ), and the half-life of nifurtimox was determined to be 114 min.
Perfusions with [ 3 H]nifurtimox in a Murine Model of Sleeping Sickness. Noninfected mice (control) and mice infected with T.b. brucei were perfused with [
3 H]nifurtimox on days 7, 21, 28, and 35 p.i. (Fig. 4) . The distribution of [ 14 C]sucrose into the brain regions was significantly higher at 35 days compared with data from the noninfected controls (P Ͻ 0.001), 7 days p.i. (P Ͻ 0.001), 21 days p.i. (P Ͻ 0.001), 14 C]sucrose permeability was also observed in our earlier studies with this murine model of late-stage HAT (Sanderson et al., 2008) . In contrast, the brain distribution of [ 3 H]nifurtimox was not significantly affected by the infection (P ϭ 0.097; two-way ANOVA) at any time point p.i. after allowing for the effects of regional differences.
Perfusion of [
3 H]nifurtimox in P-gp-Deficient Mice. FVB wild-type and P-gp-deficient mice were perfused for 10 min. Figure 5 shows ) between the control and the P-gp-deficient mice in the brain regions (P ϭ 0.055), the capillary depletion analysis samples (P ϭ 0.341), and the CVOs (P ϭ 0.118) (twoway ANOVA).
Inhibition Studies: Perfusion of [ 3 H]nifurtimox with Unlabeled Drugs. A series of self-and cross-inhibition studies were conducted to assess whether unlabeled drugs had an effect on the ability of [ 3 H]nifurtimox to reach the CNS. Two-way ANOVA was performed on ranked data that were grouped depending on the presence of 0.05% DMSO in the artificial plasma. Therefore, [ ]sucrose among the different postinfection groups was greater than would be expected by chance after allowing for the effects of differences in brain region (‫ء‬P Յ 0.001; two-way ANOVA). A Tukey's multiple comparison test indicated that overall the day 35 p.i. group was significantly different from the noninfected control group (P Ͻ 0.001), day 7 p.i. group (P Ͻ 0.001), day 21 p.i. group (P Ͻ 0.001), and day 28 p.i. group (P Ͻ 0.001). The significant variation in the overall distribution of [ 14 C]sucrose to the different brain regions after allowing for the effects of infection was as reported for the multiple time uptake data (P Յ 0.001; two-way ANOVA). Overall, there was no significant difference in the mean values for [ 3 H]nifurtimox among the different infection groups after allowing for the effects of differences in brain region (P Ͻ 0.097). In contrast, there was difference for [ furtimox was significantly decreased by the presence of both unlabeled suramin (P Ͻ 0.001) and eflornithine (P Ͻ 0.001) (Tukey's multiple comparison test; [ 3 H]nifurtimox alone compared with the additional test drugs groups; Fig. 6 ). It is noteworthy that the [ 14 C]sucrose-corrected brain distribution of [ 3 H]nifurtimox was also significantly reduced by both melarsoprol (P Ͻ 0.001) and indomethacin (P Ͻ 0.001) (Fig. 7) . However, unlabeled pentamidine caused a significant increase in the distribution of [ 3 H]nifurtimox into all the brain regions (P Ͻ 0.001), and 6 M unlabeled nifurtimox had no significant effect (Fig. 7) . These effects of the unlabeled drugs on [ 3 H]nifurtimox was found bound to bovine serum albumin in artificial plasma (6.2 Ϯ 1.4% bound). Approximately 38.9 Ϯ 0.5% of nifurtimox was bound to the protein in human plasma.
Discussion
Nifurtimox is a 5-nitrofuran derivative described chemically as 3-methyl-4-(5Ј-nitrofurfurylidene-amino)-tetrahydro-4H-1,4-thiazine-1,1-dioxide that has been approved to treat HAT (Yun et al., 2010) . Nifurtimox HAT treatment involves oral administration (5 mg/kg) three times a day for 14 to 21 days (Bisser et al., 2007) . It is known that nifurtimox given orally (15 mg/kg) produces a maximum serum concentration of 2.6 M in healthy volunteers (Gonzalez-Martin et al., 1992) . Its toxicity includes neurological dysfunctions (Pépin et al., 1992) , which is sugges- (Maina et al., 2007) and T.b. rhodesiense (IC 50 1.5 M) (Baliani et al., 2005) . A study in rats indicated that intravenously administered [ 35 S]nifurtimox was rapidly distributed throughout the whole organism with "relatively high" concentrations in the brain as measured by autoradiography after 2 min (Duhm et al., 1972) . Further studies using a pregnant rat also revealed that the placental barrier was permeable to [ nifurtimox has a plasma half-life of 57 min (Gonzalez-Martin et al., 1992 ). Our previous studies using the murine model of late-stage HAT in BALB/c mice have indicated an increase in the CNS delivery of molecules at day 35 p.i. (Sanderson et al., 2008 (Sanderson et al., , 2009 . The largest compound that we have studied that was able to cross the infected BBB after 35 days p.i. was [ 3 H]suramin (molecular weight 1429.2), suggesting considerable loss of integrity because this molecule is highly bound to albumin (60 kDa; radius 35.5 Å) (Sanderson et al., 2007 (Sanderson et al., , 2009 (Sanderson et al., 2008 (Sanderson et al., , 2009 . It is noteworthy that we also have evidence of increased permeability to [ 14 C]sucrose at day 28 (Sanderson et al., 2009) . Although this was not demonstrated in a trypanosome-infected mouse study when we were coperfusing [ H]eflornithine (molecular weight 237) was increased at this time point (Sanderson et al., 2008) . In this study we did not present any measurable changes to the integrity of the barrier to [ 14 C]sucrose at day 28 p.i. Taken together, our studies indicate that up to 21 days p.i. there is no up-or down-regulation of specific transporters (including P-gp and MRP) as measured with eflornithine, pentamidine, or nifurtimox (Sanderson et al., 2008 (Sanderson et al., , 2009 . Furthermore, our studies are suggestive of a gradual loss of barrier integrity caused by trypanosome infection around day 28, and this loss can be consistently demonstrated at the day 35 p.i. time point in this murine model of late-stage HAT. A previous study has shown that T. b. rhodesiense, but not T. b. brucei, caused a transient change in BBB permeability as measured by transendothelial electrical resistance measurements in a human brain microvessel endothelial cell line during an overnight parasite incubation (Grab et al., 2004; Nikolskaia et al., 2008) . This implies a reversible change in paracellular permeability and tight junction integrity with human trypanosome invasion of the CNS.
It is noteworthy that our study revealed the brain distribution of [ 3 H]nifurtimox remained unchanged when there was considerable loss of BBB integrity caused by the trypanosome infection at day 35 p.i. This would suggest that healthy cerebral capillary endothelial cells do not provide a significant physical barrier to the movement of [ H]nifurtimox with this tissue when it was present in the blood (Fig. 7) , but no affect was observed when unlabeled pentamidine was present on the CSF side (Fig. 8) . This is suggestive of an interaction of pentamidine and nifurtimox with a transporter on the blood side of the choroid plexus. The identity of this transporter remains unknown, but an interesting candidate is breast cancer resistance protein, which is expressed at the BBB and the choroid plexus (Lee et al., 2005) , as well as in breast tissue, and may play a role in the active secretion of nitrofurantoin (which is chemically similar to nifurtimox) into milk (Garcia-Bournissen et al., 2010) .
The higher concentration of [ 3 H]nifurtimox in the CNS compared with the plasma is also suggestive of a transporter that aids delivery of nifurtimox to the brain. It is noteworthy that a drug that caused [ 3 H]nifurtimox distribution to the brain to decrease was melarsoprol, indicative of an interaction between these two drugs. A clinical trial has demonstrated a degree of synergism between melarsoprol and nifurtimox (Bisser et al., 2007) . Although we do not have evidence for a positive effect of melarsoprol on the brain distribution of nifurtimox it is possible that nifurtimox alters the concentration of melarsoprol in the brain so producing this synergy.
In light of the encouraging results of nifurtimox-eflornithine combination therapies (Bisser et al., 2007; , an important assessment is how [ 3 H]nifurtimox distribution to the CNS is affected by the presence of unlabeled eflornithine. It is noteworthy that eflornithine caused an approximately 53% decrease in brain (but did not affect CVO) distribution of [ 3 H]nifurtimox after 10-min exposure. Theoretically, based on these values [ 3 H]nifurtimox would still reach an effective concentration within the brain when eflornithine was present, but it must be emphasized this interaction has been measured only over a short time period. 3 H]nifurtimox interacts with transporters at the BBB and there was a lack of any effect to [ 3 H]nifurtimox brain distribution when there was significant loss of BBB integrity because of trypanosome infection, our data would further suggest that T.b. brucei causes significant increases in the paracellular permeability of the BBB, while the endothelial cells themselves remain intact.
In light of unsatisfactory therapeutic options (melarsoprol, eflornithine, and nifurtimox) for second-stage sleeping sickness, combinations of existing drugs have been considered the most promising way forward to maximize cure rates and improve tolerability in the short term. Furthermore, nifurtimox monotherapy is being discouraged, because most studies have reported high treatment failure rates (Pépin et al., 1992; Bisser et al., 2007) . Our study would suggest that [ 3 H]nifurtimox crosses the healthy and infected murine blood-brain and blood-CNS barriers very well. Although interactions with other antitrypanosomal drugs (including eflornithine) are indicated at the transporter level of the barriers and this may reduce final brain drug concentrations, it seems that not all combinations (i.e., nifurtimox plus pentamidine) would be detrimental to the efficacy of nifurtimox against trypanosomes within the CNS.
